Abstract. Prostate cancer is a common cancer among men in developed countries. Although hormonotherapy and radiotherapy (RT) represent valid therapies for prostate cancer treatment, novel immunological approaches have been explored. The development of clinical trials employing cancer vaccines has indicated that immune response to tumor antigens can be boosted and that vaccine administration can improve patient survival. Immune response to tumor antigens could also be enhanced after standard therapies. In the present study, we determined the occurrence of antibodies to extracellular matrix (ECM) molecules, heat shock protein (HSP), ribosomal P0 protein, EGFR, ErbB2 and prostate-specific antigen (PSA) in 35 prostate cancer patients prior to and following local RT and hormonotherapy. We demonstrated that immunity to P0, ECM molecules [collagens (C) CI, CIII, CV, fibronectin (FN) and laminin (LM)] and to HSP90 was associated with malignancy in untreated patients. None of the patient sera showed antibodies to EGFR, while 2 and 1 patients showed reactivity to ErbB2 and PSA, respectively. We also demonstrated that 8 months after therapy the IgG serum levels to CI, CIII, FN and HSP90 significantly decreased. Conversely, the level of P0 autoantibodies increased after therapy in 10 patients. Five of the 10 patients with increased levels of P0 autoantibodies were treated with RT plus hormonotherapy. Treatment of patients did not change the levels of antibodies against EGFR, ErbB2 and PSA. Our results indicated that the modification of antibody level to self molecules after standard treatment of prostate cancer patients is influenced by the type of antigen. Ribosomal P0 protein appears to be a high immunogenic antigen and its immunogenicity increases following RT. In addition, 10 patients with increased levels of autoantibodies to P0 showed PSA mean levels lower than the remaining 25 patients at 18 months. This study may contribute to a better understanding of the immunobiological behavior of prostate cancer patients following standard treatment.
Introduction
Prostate cancer, whose incidence and mortality varies broadly, is a common cancer among men in developed countries (1) . Although hormonotherapy and radiotherapy (RT) represent valid approaches for prostate cancer treatment, there is a need for novel therapies that are based on mechanisms which do not overlap with standard therapies and that can improve patient survival (2, 3) . Indeed, novel immunological approaches have been explored for prostate cancer treatment, relying on the fact that a significant number of prostate cancer patients have antibodies against different tumor antigens [prostate-specific antigen (PSA), ErbB2, prostatic acid phosphatase (PAP), prostasome-derived proteins] and other structural cellular antigens (ribosomal proteins, cytoskeleton and nuclear associated proteins) and that the presence of a significant tumor lymphocyte infiltrate is associated with a better prognosis in prostate cancer patients (4) (5) (6) (7) (8) (9) (10) (11) . The development of clinical trials employing cancer vaccines targeting PSA, PAP and prostate membrane antigen has clearly indicated that immune response to tumor antigens can be boosted and, in some cases, that vaccine administration can improve patient survival (12) (13) (14) (15) . On the other hand, it has been observed that immune response Local radiotherapy increases the level of autoantibodies to ribosomal P0 protein but not to heat shock proteins, extracellular matrix molecules and EGFR/ErbB2 receptors in prostate cancer patients to tumor antigens can also be enhanced after standard therapies in prostate cancer patients (16) . Significant evidence indicates that RT exerts its effect not only by the elimination of the RT vulnerable cancer cells but also by modification of the tumor microenvironment inducing oxidative stress and inflammation (16) (17) (18) (19) (20) . Although the evidence that radiation injury perturbs innate and adaptive immunity, immune response to radiation tissue damage is not predictable and remains incompletely understood. However, it has been reported that ionizing radiations induce upregulation of heat shock proteins (HSPs) and growth factor receptors in fibroblasts and extracellular matrix (ECM) remodeling in fibroblasts and mammary gland (21) (22) (23) (24) . In addition, it has been observed that RT induces reoxygenation of hypoxic tumors and this phenomenon triggers the production of reactive oxygen species (ROS) which alter molecule structure (25) (26) (27) . Reoxygenation of HeLa cancer cells after hypoxia was shown to increase expression of several proteins including the ribosomal P0 protein (26) . ECM is a composite and dynamic macromolecular network with both structural and regulatory functions. ECM components belong to four major types of macromolecules: the collagens, elastin, proteoglycans and non-collagenous glycoproteins (laminin, fibronectin, tenascin). A high incidence of autoantibodies to ECM components during inflammation and cancer has been reported (28) (29) (30) (31) (32) (33) (34) (35) . HSPs are overexpressed in several tumors and are implicated in cancer cell proliferation, metastasis and immune response (36) . Overexpression of HSPs or autoantibodies to HSPs were associated with either a poor or good prognosis in cancer patients (36, 37) . The ribosomal P proteins (P0, 38 kDa; P1, 19 kDa; and P2, 17 kDa) constitute a pentameric complex forming the ribosomal stalk of the 60 S ribosomal subunit in the eukaryotic cells (38) . P0 exists as a free protein in the cytoplasm and on the surface of cancer cells (39) . The presence of autoantibodies to ribosomal P proteins in sera of patients with systemic lupus erythematosus (LES) has been demonstrated (40, 41) . We recently demonstrated the presence of autoantibodies to ribosomal P proteins in head and neck as well as breast cancer patients (42, 43) . Autoantibodies to P0 protein have shown to mediate cell apoptosis (44) .
In this study, we determined the occurrence of antibodies to ECM components, HSPs, ribosomal P0 protein, EGFR, ErbB2 and PSA in prostate cancer patients before and after local RT and hormonotherapy. This study provides insight into the immunobiological behavior of prostate cancer patients following standard treatment.
Materials and methods
Study population. The study protocol was approved by the Ethics Committee of the University of Rome 'Tor Vergata'. Each patient was given a detailed description of the procedure and was required to sign an informed consent prior to participation in this study. Thirty-five consecutive patients with localized prostate cancer underwent CT-planned radical 3D conformal RT at the Radiation Oncology Therapy Unit of the University of Rome 'Tor Vergata'. The median age at the time of treatment was 72 years (range 46-78 years); 21 patients were classified as T1c clinical stage, 8 as T2a, 3 as T2c, 2 as T1a and 1 patient was T3b (TNM, American Joint Committee on Cancer 2002). The Gleason score was 6 (3+3) in 20 patients, 7 (3+4) in 5 cases and 7 (4+3) in 3 cases, 8 (4+4) in 3 cases and 4 patients had a Gleason score of, respectively, 5 (3+2), 8 (5+3), 9 (4+5) and 10 (5+5); 9/35 cases were treated with hormone-releasing hormone agonist in association with RT. The median PSA value before RT was 7.9 ng/ml (range 0.53-72.3 ng/ml).
The serum of patients was collected prior to and 8 months following the last RT treatment. Sera from blood donors (n=29) collected from the University of Rome 'Sapienza' transfusion center were used as control. Patient and control sera were stored at -20˚C until use.
Radiation therapy. Bowel preparation was obtained suggesting a diet in combination with a daily mild laxative to reduce intestinal gas and obtain a reproducible bowel volume during CT and MRI acquisition and treatment sessions. For bladder preparation, patients were asked to empty their bladder for better daily prostate localization.
CT scanning was performed with a GE LightSpeed ® Scanner (GE Healthcare Diagnostic Imaging, Slough, UK). The scan was to start at the level of the iliac crests and continue down through the perineum, with a 2.5-mm slice. CT images were transferred to Precise Plan treatment planning system (Elekta Oncology Systems, Crawley, UK).
For each patient, the clinical target volume (CTV) and organs at risk (OARs) were outlined by the same radiation oncologist. The target volume irradiated to 66 Gy (CTV 1 ) consisted of prostate and seminal vesicles; the boost irradiated to 76 Gy (CTV 2 ) was the prostate only. Planning target volumes (PTV 1 and PTV 2 ) were generated by an asymmetric expansion of CTVs (6 mm in all directions except at the posterior margin, where a 5-mm expansion was used). The rectum was contoured on as solid organ from the 8th slice (2 cm) above the anal verge to the rectosigmoid junction; the bladder was contoured in its entirety; the penile bulb was defined as a pear-shaped structure comprising the proximal part of the corpus spongiosum; the femurs were defined too. Three-dimension conformal RT treatment planning, with a six-field arrangement, was obtained. For an adequate PTV coverage, it was accepted that the 95% of PTV volume was covered by 95% of the prescribed dose and that the maximum dose did not exceed 107% of the prescribed dose. Daily fractions of 2 Gy (5 days a week) were delivered with conformal shaped treatment fields (15 MV) using the multi-leaf collimator (MLC; 1 cm leaf width) of an Elekta Precise linear accelerator (Elekta Precise Treatment System Plus™). Two orthogonal portal images were used in order to check set-up alignment. Digitally reconstructed radiographs (DRRs), obtained from the CT localization scans, were used as reference images. A matching software was applied to quantify set-up errors between DRRs and portal images.
For biochemical failure definition we referred to the Phoenix definition, revised by ASTRO and RTOG in Phoenix, as a rise in PSA by 2 ng/ml or more above the nadir PSA (defined as the lowest PSA achieved).
Acute rectal toxicity (within 90 days from the start of RT) and late rectal toxicity were scored by the radiation oncologist, according to the RTOG/EORTC toxicity scale.
Purified ECM molecules, HSPs, ribosomal P0 protein, PSA, LTR-EGFR and LTR-ErbB2 transfectants and antibodies.
Purified human type I, III, IV and V collagens (CI, CIII, CIV and CV), fibronectin (FN) and PSA were obtained from Chemicon International (Temecula, CA, USA). Purified laminin (LM) was obtained from Sigma-Aldrich (St. Louis, MΟ, USA). Purified HSPs included HSP27 and HSP90α (human recombinant, StressMarq™ Biosciences Inc., Victoria, BC, Canada) and HSP65 (M. Tuberculosis recombinant, LIONEX Diagnostics and Therapeutics GmbH, Germany). The purity of antigens was >95% by SDS-PAGE and Coomassie Blue staining. Mouse monoclonal antibodies anti-human CI, CIII, CIV and CV were obtained from Chemicon International. Mouse monoclonal anti-human FN and rabbit polyclonal antihuman LM, as well as peroxidase-conjugated antibodies anti-human IgG and IgM or anti-mouse and anti-rabbit IgG, were obtained from Sigma-Aldrich. Antibodies to HSPs were purchased from StressMarq™ Biosciences Inc. or Santa Cruz Biotech., Inc. (Santa Cruz, CA, USA). Anti-PSA antibody was purchased from Dako (Carpinteria, CA, USA). LTR-EGFR and LTR-ErbB2 transfectants and anti-EGFR and anti-ErbB2 antibodies were previously described (45) (46) (47) . Ribosomal P0 protein generation was previously described (42, 43) .
Enzyme-linked immunosorbent assay (ELISA)
. Sera were assayed for the presence of antibodies directed toward native ECM and HSP antigens by ELISA as previously described (33, 34, 48) . Briefly, ECM and HSP antigens, as well as bovine serum albumin (BSA), were diluted at 1-2 µg/ml. One hundred microliters of each mixture were incubated overnight at 37˚C in polyvinyl chloride microtiter plates (Dynatech, Chantilly, VA, USA). Antigen-coated wells were then blocked with 5% non-fat dry milk in PBS for 1 h at 37˚C and incubated with human sera. Sera were initially assayed at 1:25, 1:50 and 1:100 dilutions. The 1:100 dilution was chosen for further experiments since it was the highest serum concentration that lacked background reactivity. Each serum was assayed in duplicate for reactivity to ECM and HSP antigens or BSA. Anti-ECM and anti-HSP antibodies diluted at 1 µg/ml were used as positive controls. After an overnight incubation at 4˚C, the plates were washed 5 times with 1% non-fat dry milk in PBS and goat anti-human IgG or goat anti-mouse or anti-rabbit IgG peroxidase-conjugated antibodies were added and incubated for 1 h at 37˚C. The plates were washed and the wells were layered with a solution containing o-phenylenediamine dihydrochloride in the presence of H 2 O 2 . The reaction was blocked with 50 µl of H 2 SO 4 (4N) and the absorbance of the samples was read at 492 nm (33, 34) .
Western blotting. Electrophoresis of purified recombinant P0 protein or PSA (0.2-0.5 µg/lane) or NIH3T3 and NIH-LTR-EGFR and LTR-ErbB2 cells (100 µg/lane) was carried out in denaturing 10-12% SDS polyacrylamide gels. Following electrophoresis, the proteins were transferred to nitrocellulose membranes at 40 V for 1 h (49-51). The membranes were blocked for 6 h in a washing solution (0.1% Tween-20 in Trisbuffered saline, pH 7.6) containing 5% non-fat dry milk and subsequently incubated overnight at 4˚C with either human sera or specific monoclonal and polyclonal antibodies. Human sera were initially titrated at 1:25, 1:50 and 1:100 dilutions. The 1:100 dilution was chosen for further experiments since it was the highest serum concentration lacking background reactivity. After extensive washings, the membranes were incubated with goat anti-human IgG or goat anti-mouse or anti-rabbit IgG peroxidase-conjugated antibodies. The immunocomplexes were finally visualized by means of the Supersignal West Pico chemiluminescence kit (Pierce, Rockford, IL, USA) (52) . Criteria of serum positivity toward a given antigen consisted in the appearance of an immunoreactive band co-migrating with that detected by the positive control antibody (45, 53) .
The intensity of coloring of immunoreactive P0 band was expressed as densitometric unit(s) (DU) and was obtained using the NIH Pro-Image 1.5 software after blot scanning by a UMAX VISTA SUPER SPEEDY scanner (53) . Values obtained were used for statistical analysis to determine the significance of antibody variances to P0 before and after therapy.
Statistical analysis. Since several distributions were skew departing from normality and sample size was limited a nonparametric approach was preferred in the analysis. Continuous variables were described by median, first and third quartiles and range, categorical variables as frequencies. In order to show the distributions of humoral immune responses, Box and Whisker plots were created. The bottom and top edges of the box are located at the 25th and 75th percentiles of the sample and, within the box, the median is displayed as a line and the mean as a diamond. Outliers are observations that are more extreme than the upper and lower fences located at ±1.5 x interquartile range. Horizontal lines identify the largest and the smallest value within these fences.
Wilcoxon sum rank test and Wilcoxon signed-rank test were utilized as location tests in case of independent samples and paired observations, respectively. A non-parametric analysis of variance was used for assessing the effect of clinical pathological variables and type of therapy on humoral immune responses. For this purpose two classes were defined for both Gleason score (≤6 vs. >6 ) and PSA before therapy (≤10 vs. >10).
The association between categorical variables was assessed by the χ 2 test; Fisher's exact test was preferred in case of sparse tables. Difference in proportions for paired observations was evaluated by the McNemar test.
Results
Humoral immune response to ECM molecules before and after therapy. Sera from 35 patients with prostate cancer and 29 healthy donors were analyzed for the presence of autoantibodies to purified ECM proteins including different types of collagen (CI, CIII, CIV and V) and glycoproteins such as LM and FN. In order to reveal the reactivity of patient immunoglobulin G to conformational epitopes of the ECM, serum samples were analyzed by ELISA. The level of IgG of both healthy donors and prostate cancer patients to different ECM molecules is represented in Fig. 1 .
Significant differences between healthy donors and untreated patients were detected for the IgG serum levels to CI (median value 0. 
Humoral immune response to HSPs before and after therapy.
The IgG level of both healthy donors and prostate cancer patients to HSPs is shown in Fig. 2 . The patient serum IgG level to HSP90 was significantly higher than that of healthy donors (0.51 vs. 0.58, p=0.0406). Conversely, the levels of HSP27 and HSP65 IgG, although higher in patients with prostate cancer, were not significant compared to those of healthy donors. The increased level of autoantibodies to HSP90 was not associated with clinical pathological variables. However, after therapy, the IgG levels to HSP27 (median value 0.16 vs. 0.14, p=0.0205), HSP65 (median value 0.31 vs. 0.27, p=0.0098) and HSP90 (median value 0.58 vs. 0.54, p=0.0012) significantly decreased. For the IgG levels to HSP27, this decrease was associated with levels of PSA before therapy: for patients with PSA ≤10 the median decrease was 0.045 while for patients with PSA >10 a slight median increase of 0.005 was observed (p=0.0394). For the IgG levels to HSP90, this decrease was associated with levels of Gleason before RT: for patients with Gleason ≤6 the median decrease was 0.075 while for patients with Gleason >6 a slight median increase of 0.015 was observed (p=0.0483). No significant effect of hormonotherapy was detected.
Humoral immune response to ribosomal P0 protein, EGFR/ ErbB2 and PSA before and after therapy. Employing the GST-P0 ribosomal protein, NIH3T3-EGFR or -ErbB2 transfectant cell lines or a commercial source of human PSA, serum from patients and normal donors was subjected to qualitative immunoblot analysis. The GST protein, NIH3T3 cells and BSA were used as control of specific immunoreactivity of serum with GST-P0, LTR-transfectant cell lines and PSA, respectively. Criteria of serum positivity toward a given antigen consisted in the appearance of a specific immunoreactive band in the antigen source sample, co-migrating with those detected by the positive control antibody. Representative experiments are illustrated in Fig. 3 . Figure 1 . Levels of autoantibodies to ECM molecules in prostate cancer patients. The level of autoantibodies was measured in serum of healthy donors (HD, n=29) and prostate cancer patients (PCP, n=35) before and after therapy by ELISA and expressed as optical density (OD) at 492 nm. The bottom and top edges of the box are located at the 25th and 75th percentiles of the sample and, within the box, the median is displayed as a line and the mean as a diamond. Outliers are observations that are more extreme than the upper and lower fences located at ± 1.5 x interquartile range. Horizontal lines identify the largest and the smallest value within these fences.
None of the healthy donor sera showed reactivity to P0 protein, EGFR, ErbB2 or PSA. Conversely, 6 out of the 35 prostate cancer patient sera reacted to P0 protein. Immunity to P0 protein was associated with malignancy (p=0.0279). No patient serum showed antibodies to EGFR, while 2 and 1 patients showed reactivity to ErbB2 and PSA, respectively.
Of note, 8 months after therapy the number of patients displaying antibodies to P0 increased (6/35 before therapy vs. 11/35 after therapy). We quantitatively evaluated the reactivity of the serum to the P0 protein by measuring the intensity of the immunoreactive P0 band. Our results indicated that reactivity to P0 also increased in 5 of the 6 patients with pre-existing autoantibodies to P0 before therapy (median level 3.22 vs. 6.41). Overall, the level of autoantibodies to P0 increased after therapy in 10 patients (median level before 0.87 and after therapy 3.02, p=0.0020). It is noteworthy that 50% of the 10 patients with increased levels of autoantibodies to P0 were treated with hormonotherapy and RT while in the remaining 25 patients with stable or slightly decreased levels of autoantibodies to P0 only 16% received the combined treatment (p=0.0814). In addition, 10 patients with increased levels of autoantibodies to P0 showed PSA mean level lower than the remaining 25 patients at 18 months (0.29 vs. 0.69, p=0.0274) and at 24 months after therapy (0.29 vs. 0.81, p=0.0813). Moreover, treatment of patients did not alter the level of antibodies against EGFR, ErbB2 and PSA. 
Discussion
Several studies have demonstrated the existence of antibodies to self-molecules in cancer patients, thus suggesting that the human immune system may recognize self-antigens (35, 42, 43, 45, (53) (54) (55) (56) (57) . Antigen tissue overexpression and exposure of sequestered antigens may explain tolerance circumvention (35) . In this study we demonstrated that immunity to P0 protein (p=0.0279), ECM molecules (CI, p=0.0046; CIII, p=0.0006; CV, p=0.0028; FN, p<0.0001; and LM p=0.0004) and to HSP90 (p=0.0406) was associated with malignancy in untreated prostate cancer patients. No patient serum showed antibodies to EGFR, while 2 and 1 patients showed reactivity to ErbB2 and PSA, respectively. In addition, we demonstrated that 8 months after therapy the IgG serum levels to CI (p=0.0009), CIII (p=0.0003), FN (p=0.0003) and HSP90 (p= 0.0012) significantly decreased. Conversely, the level of autoantibodies to P0 increased after therapy in 10 patients (p=0.0020), 50% of the 10 patients with increased levels of autoantibodies to P0 were treated with hormonotherapy and radiotherapy (RT). Treatment of patients did not alter the level of antibodies against EGFR, ErbB2 and PSA.
The decrease of the levels of autoantibodies to ECM molecules and HSP90 after RT might not be surprising. It has been shown that ionizing radiation of mammary gland induced rapid-remodeling of the stromal ECM and modified the integrity of the epithelial basement membrane. Hence, it cannot be excluded that the increase or remodeling of ECM molecules at tumor levels could have increased the capture of anti-ECM antibodies in the irradiated area, thus determining their decreased concentration in the blood. Indeed, Collagen III was induced in the adipose stromal tissue of the mammary gland within 1 day after irradiation (24) . Fibrosis, which represents excessive accumulation of collagen and other ECM components following unbalanced ECM synthesis and degradation, is a dose-limiting complication of RT at numerous primary anatomical sites (18) . The increase of ECM at the site of irradiation could have promoted the uptake of anti-ECM antibodies in irradiated tissues, thereby determining their decline in the blood.
Prostasomes are secretory granules synthesized, stored and secreted by normal and neoplastic human prostate epithelial cells (58) . It has been suggested that prostasomes in prostate cancer can be released into the blood circulation (58) and that the most frequently occurring prostasomal proteins are heat shock proteins (HSPs) (6) . Radiation therapy has been demonstrated to increase the release of HSP72 in the blood of prostate cancer patients (59) . Accordingly, autoantibodies to HSPs can bind circulating HSPs and form immunocomplexes which can be eliminated by phagocytosis (60) . In addition, the elimination of prostate cancer cells after RT could have decreased immune system stimulation (61) . Alternatively, the presence of immunocomplexes could have interfered with the detection of anti-HSP autoantibodies by ELISA. The decrease of IgG levels to HSP90 was associated with levels of Gleason prior to RT.
The strong in vivo immunogenicity of ribosomal P0 protein before or after therapy is not surprising. Different features of a given self-antigen concur to determine whether such antigen is apt to induce an autoreactive immune response (35) . According to Plotz, these features encompass: a) the antigen structure; b) its immunological and pro-inflammatory properties; c) its expression level, and (d) its catabolism and fate after cell death (62) . In view of that, ribosomal P proteins have long runs or clusters of charged residues and form large complexes. Indeed, serum of some patients with systemic lupus erythematosus (LES) contains autoantibodies to ribosomal P proteins (40, 41) . Moreover, tissue inflammation induced by RT could have resulted in increased exposure of cryptic and/or modified ribosomal P0 epitopes and consequently in the stimulation of a specific immune response to the antigen.
The presence of anti-P0 autoantibodies following RT may have clinical implications. Monoclonal antibodies against human ribosomal P proteins were able to penetrate into cultured cells and cause apoptosis (44) . In addition, the ribosomal P0 protein has been shown to be present in the cell membrane (42, 43) . The increased expression of the C-22 epitope of P0 on the surface of pharynx cancer cells following cellular stress in vitro may indicate that anti-P0 autoantibodies could directly mediate apoptosis in this tumor (42) . Indeed, 10 patients with increased levels of autoantibodies to P0 showed PSA mean level lower than the remaining 25 patients at 18 months (0.29 vs. 0.69, p=0.0274) and at 24 months after therapy (0.29 vs. 0.81, p=0.0813). Overall, our study shows for the first time that the therapy in patients with prostate cancer, while resulting in increased levels of serum antibodies to P0 protein, reduces their levels against ECM molecules or some HSPs. This phenomenon may be due to the different structure and properties of the antigens tested. Antibody to ribosomal P0 protein might have biological functions. In addition, the levels of autoantibodies to ECM components, HSPs and P0 protein might be an indicator of response to therapy in prostate cancer patients or could be used in patient monitoring and may contribute to the better understanding of the immunobiological behavior of tumor tissue following therapy.
